Behaviour evolved before nervous systems. Various single-celled eukaryotes (protists) and the ciliated larvae of sponges devoid of neurons can display sophisticated behaviours, including phototaxis, gravitaxis or chemotaxis. In single-celled eukaryotes, sensory inputs directly influence the motor behaviour of the cell. In swimming sponge larvae, sensory cells influence the activity of cilia on the same cell, thereby steering the multicellular larva. In these organisms, the efficiency of sensory-to-motor transformation (defined as the ratio of sensory cells to total cell number) is low. With the advent of neurons, signal amplification and fast, long-range communication between sensory and motor cells became possible. This may have first occurred in a ciliated swimming stage of the first eumetazoans. The first axons may have had en passant synaptic contacts to several ciliated cells to improve the efficiency of sensory-to-motor transformation, thereby allowing a reduction in the number of sensory cells tuned for the same input. This could have allowed the diversification of sensory modalities and of the behavioural repertoire. I propose that the first nervous systems consisted of combined sensory-motor neurons, directly translating sensory input into motor output on locomotor ciliated cells and steering muscle cells. Neuronal circuitry with low levels of integration has been retained in cnidarians and in the ciliated larvae of some marine invertebrates. This parallel processing stage could have been the starting point for the evolution of more integrated circuits performing the first complex computations such as persistence or coincidence detection. The sensory-motor nervous systems of cnidarians and ciliated larvae of diverse phyla show that brains, like all biological structures, are not irreducibly complex.
INTRODUCTION
Nervous systems enable organisms to receive sensory information from their external environment, process this information and regulate neurosecretory and motor systems. Although neurosecretory systems have deep ancestry in metazoan evolution [1, 2] , it is more probable that the first neurons with fast electrical signal propagation to evolve were controlling animal locomotion.
Two different types of locomotor systems are found in animals, one muscle-based, the other cilia-based. Musclebased motor systems are present in all metazoans except sponges (eumetazoan). Ciliary locomotion, present in single-celled eukaryotes (protists) and also sponge larvae, is the more ancient form of locomotion. Since sponges represent the deepest branches of the metazoan tree ( [3] ; but see also [4] ) and they lack a nervous system, it follows most parsimoniously that the first nervous systems evolved along the stem lineage leading to the eumetazoans (comprising cnidarians, ctenophores and bilaterians), all possessing a nervous system.
According to one possible scenario of animal origins, the first eumetazoans had a biphasic life cycle with a ciliated larval stage that evolved from a ciliated sponge-like larva [5] . A benthic adult with a radially symmetric body plan may also have been present. If ciliated larvae were as integral to the origin of eumetazoans as this scenario suggests, then it is conceivable that the first steps of nervous system evolution occurred in a ciliated stage and that the first neural circuits evolved to control locomotor cilia.
Cilia-driven locomotion is still prominent in many animal groups. With the exception of the ecdysozoans (nematodes, arthropods and others), the larval stages of diverse phyla use cilia for locomotion [6, 7] . Ciliated larvae are widespread in cnidarians, lophotrochozoans (a major protostome group comprising annelids, molluscs and other marine phyla), and deuterostomes (echinoderms, hemichordates, cephalochordates). Sometimes the adult stages are also ciliated, as in ctenophores, acoels and rotifers.
Despite its wide phylogenetic distribution and importance, we know relatively little about the nervous control of ciliary locomotion. Our studies on the ciliated larvae of the marine annelid model Platynereis dumerilii have recently shown that these larvae have direct sensory-motor neurons and sensory-motor eyes ( [8] ; M. Conzelmann and G. Jékely 2010, unpublished) . We argued that this circuitry represents an ancient evolutionary heritage from a very early stage of eye and brain evolution. If this is the case, then the study of the circuitry of cilia-based motors can give us novel insights into the very early stages of nervous system evolution.
Muscle-based motor systems are also very ancient and trace back to the stem eumetazoan [9] . The first smooth muscles may have evolved to steer a ciliated organism during tactic behaviours (e.g. photo-or gravitaxis) and to contract a sessile adult. True muscle-based locomotion may only have evolved later from such steering and body contracting muscles. Given the very different mechanics of muscle-based locomotion in cnidarians (polyp and medusa forms) and in bilaterians (worm-like body), complex muscle-based locomotory circuits may have evolved independently in the two groups (for a detailed discussion of the ancestral form of locomotion in cnidarians and the origin of striated muscles, see [9] ).
MECHANISMS OF CIRCUIT EVOLUTION
Before discussing how the first cilia-and muscle-based motor circuits may have evolved, I first give an overview of the general principles governing neural circuit evolution.
Neuronal circuits evolve by the Darwinian processes of variation and selection. Given the extremely high costs of building and maintaining nervous systems [10 -12] , neutral evolutionary processes are arguably less prevalent during nervous system evolution than for example in genome evolution [13] . Selective optimization strongly shapes neuroanatomy. For example, the placement of the 11 ganglia in the nematode nervous system minimizes the total wiring length [14, 15] . Similar rules apply to the layout of different cortical areas in mammalian brains [16] .
The higher costs of information at higher performance also contribute to the optimization of nervous systems and severely penalize the evolution of overcapacity. In fly photoreceptors, for example, a fivefold increase in performance requires a 25-fold increase in energy consumption [17] .
The high price and high benefits of information processing can also lead to rapid evolutionary optimization in olfactory systems. For example, the olfactory system of the morinda fruit specialist Drosophila sechellia has been grossly reorganized during the evolution of the species by the expansion of some olfactory sensilla at the expense of others [18] .
Optimization reaches down to the subcellular level, with a strong drive, for example, to minimize axon diameters to save costs. This minimization, however, leads to increased channel noise, setting a lower limit of about 0.1 mm diameter for action potential-conducting axons [19] . When speed is important, axon miniaturization is not an option, since a non-myelinated axon with a smaller diameter has decreased conduction speed. A gain in conduction speed is sometimes so vital that it drives the evolution of giant axons [20] .
The huge benefits of processing information by neurons on the one hand and the high metabolic, wiring and signalling costs of nervous systems on the other, strongly influence nervous system evolution [10 -12] , and must have done so from the very beginnings of brain evolution.
In order to formulate meaningful hypotheses on the evolution of nervous circuits, these principles of nervous system optimization must be integrated into an evolutionary developmental (evo-devo) framework [21] . From an evo-devo perspective, mutational changes in an organism's developmental programme may generate variation in the nervous system during circuit evolution. This variation can manifest itself in neuron number and property, including neuron position, connectivity, sensory modality, excitability or plasticity. For example, total neuron number can change if alterations in the developmental programme affect the division of neuronal progenitors, leading to the duplication or elimination of certain neurons [18] . Duplications will result in identical or very similar neurons, given the similarity of their developmental programmes due to shared lineage and proximity. These neurons can subsequently diverge to form sister cell types [22] . The properties of neurons can change if mutations alter the neuronal differentiation programmes and lead to changes in the differentiation gene batteries. These changes are expected to show Darwinian gradualism, progressing by small steps in the elaboration, complexification or simplification of circuits.
Taking into consideration the above factors, I outline below a few hypothetical transition scenarios for the origin and early evolution of neural circuits in early eumetazoans and early bilaterians. The proposed scenarios are partly novel and partly based on some old ideas (e.g. [23] ), that are further elaborated here based on modern data. My aim is to show how modern molecular and functional data on ciliated larvae and their circuits can influence our thinking about ancient circuit evolution.
THE EFFICIENCY OF SENSORY-TO-MOTOR TRANSFORMATION WITH AND WITHOUT A NERVOUS SYSTEM
The first question to be addressed is why the first neurons, communicating to target cells via synapses, appeared. A large diversity of single-celled eukaryotes (protists) show various forms of behaviour analogous to those found in animals. Since protists have no nervous system, a comparison of their behaviours to the same behaviours in animals could reveal the advantages of using neurons.
The behavioural repertoire of protists is rather limited, yet the individual behaviours that are present are remarkably sophisticated. Protists are capable of active predation [24] , vectorial navigation such as phototaxis [25 -27] or gravitaxis [28 -30] , and navigation along a gradient (chemotaxis; [31] ). Simpler responses to mechanical [24] or light stimuli can also be present [32] .
In single-celled protists it is the same cell that forms the sensory structures and also performs the motor functions (ciliary or amoeboid motility). Given that sensory structures need a minimum size to function (e.g. a certain number of photopigments to detect light), the costs of sensing a stimulus relative to the total energy budget of the organism will be higher for a protist than for a multicellular animal with specialized sensory cells. This higher relative cost will necessarily limit the repertoire of sensory inputs a protist can respond to (e.g. number of chemicals or wavelengths).
The best understood behaviour in protists is spiral vectorial phototaxis [33] . It can be found, among others, in the green alga Chlamydomonas [26] , the excavate Euglena, the cryptophyte alga Cryptomonas [25] , or in the ciliated spores of the chytrid fungi Allomyces [34] . An analogous spiral swimming phototactic strategy is found in the multicellular green alga Volvox [35] , and also in the ciliated larvae of animals including sponges [36, 37] , cnidarians [38, 39] , annelids [8] and molluscs [40] . Some animal larvae, such as sponges [36, 37] and some cnidarians [38] , perform phototaxis without a nervous system, while others, including some cnidarians [39] and many bilaterians [8, 40] , perform phototaxis with a nervous system. Phototaxis therefore provides a very useful paradigm to assess the benefits of nervous systems in a comparative framework, even if we are comparing independent evolutionary innovations [33] .
Comparison of various phototactic organisms shows that there is no major difference in the efficiency and precision of phototaxis. The single-celled Chlamydomonas [26] , the multicellular Volvox [35] or the larvae of the annelid Platynereis [8] all orient very quickly and precisely along the light vector, usually within a few helical turns. What is very different between these organisms is the efficiency of sensory-to-motor transformation, estimated as the ratio of the number of sensory structures to the total number of cells being controlled. Assuming that the costs of building an efficient light-detecting device are similar for all organisms, the number of such devices divided by the total number of cells gives an estimate of the cost-efficiency of the behaviour.
In a single-celled phototactic eukaryote, such as Chlamydomonas, the same cell senses the periodic light signal and executes the motor programme (1 : 1 ratio; figure 1 ). In the multicellular Volvox rousseletii, about half of the 5000 somatic cells have a sufficiently large eyespot to allow light detection. These cells, located in the anterior hemisphere of the alga, all contribute to phototactic steering (1 : 2 ratio; [35] ). In the phototactic larvae of the sponge Amphimedon queenslandica a ring of ciliated photoreceptor cells (a few hundred cells) regulate phototaxis by bending their long, steering cilia. Other cells on the surface of the larva (a few thousand cells) have shorter cilia and contribute to larval locomotion (about 1 : 10 ratio). In the larvae of the annelid Platynereis, two directionally shaded photoreceptor neurons sense light and regulate steering by innervating the multiciliated cells (1 : 1000 ratio, figure 1, and see below).
These examples show that the building of multicellular bodies with specialized sensory-effector cells, but no neurons (Volvox and sponge larva) only provide a modest improvement in the efficiency of sensory-tomotor transformation. The use of a distinct sensor and effector, connected by a chemical synapse, however, provides a dramatic improvement of about two orders of magnitude in the annelid larva. Arguably, the use of chemical synapses with a potential for signal amplification provides a major advance in the efficiency of sensory-tomotor transformation. The release of many synaptic vesicles at synapses on the target cell can potentially lead to a large change in postsynaptic conductance even if the changes in presynaptic membrane potential are small. The strength of the synapse can be tuned during evolution in such a way that small changes in the sensory cell lead to large changes in the effector cell. This synapse-mediated signal amplification (together with the concentration of cilia, see below) allows a Platynereis larva to perform phototaxis using only two sensory cells as opposed to a similar sized Volvox colony that uses hundreds of sensory cells.
The example of phototaxis illustrates how neurons can provide very effective signal amplification, allowing dramatic reductions in the number of sensory structures 
THE EVOLUTION OF THE FIRST NEURONS TO REGULATE CILIA
Sensory cells evolved in the first metazoans before the origin of bona fide neurons [36, 37, 41] . Sponge larvae have flask-shaped sensory cells (additional to their photoreceptors), embedded in an epithelial layer of polarized, ciliated cells [36] . These cells express orthologues of bilaterian neurogenic molecules, indicating that they may represent a protoneuron, an ancestral stage of neuronal cell-type evolution [41] . It is unclear how these putative sensory cells can influence the behaviour of the sponge larva. Since these cells have an apical cilium it is conceivable that sensory stimuli lead to the alterations in ciliary beating in a cellautonomous manner, similar to the photoreceptors. These cells may also release unknown transmitters to regulate ciliary beating in neighbouring cells in a paracrine fashion. The sponge genome contains genes coding for neuropeptide processing enzymes and synaptic vesicle release proteins, however no neuropeptides have been identified [1] . Even if a local release of transmitters is possible in sponges, the effects of such signal transmission can only be local, since sponges have no gap junctions and no axons [1] . This means that in order to alter locomotion (e.g. swimming speed) of the whole larva, several of these local sensory-motor units must respond to the same sensory input. This restriction probably only allows a small number of sensory specializations for the larvae. Besides light, sponge sensory capacities probably include chemosensation, an important input during larval settlement [42] . The presence of approximately 130 rhodopsin-family G-protein coupled receptors (GPCRs) in the sponge genome also suggests the use of chemosensation [1] . These GPCRs originated by lineage-specific expansion, and many are single-exon genes forming clusters in the genome [1] , reminiscent of lineage-specific putative chemosensory GPCRs in other animal groups [43] . It is, however, unclear how many of these sponge GPCRs are expressed in the larval stage.
From such a sponge larva-like stage with autonomous epithelial sensory-motor cells, one can envisage a gradual transition into a minimally integrated sensory-motor nervous system controlling ciliary locomotion. In a ciliated larva the first sensory cells may have initially secreted neuropeptides or transmitters to regulate neighbouring ciliated cells, thereby altering swimming speed or direction. To channel signals more precisely and to increase the efficiency of signal transmission, these sensory cells may have developed basal processes and release sites with close contact to the neighbouring target cells (figure 2a). As these first synapses and axons evolved further, the sensory cells could have spread the amplified stimulus to more effector cells by budding off many en passant synapses in a row at the basal side of the ciliated epithelium.
Such a transformation probably also happened in the case of photoreceptors, which started as cell-autonomous sensory-motor units [36, 38, 44] and evolved into sensorymotor neurons regulating ciliary bands (figure 2b). We argued recently that the sensory-motor phototactic eyes, directly synapsing on ciliated cells in the larvae of the annelid Platynereis represent such an ancestral stage in eye circuit evolution [8] .
Many neuropeptidergic sensory cells also directly innervate the ciliary band in Platynereis larvae and the released neuropeptides regulate ciliary beating (Conzelmann and Jékely, unpublished). Such sensorymotor peptidergic neurons can also be found in the ciliated larvae of cnidarians and echinoderms [45] , and probably represent a very ancient neuron type (Conzelmann and Jékely, unpublished). The nervous system of the Platynereis larva, with its many direct sensory-motor neurons, represents a nervous system with low integration between the different sensory pathways.
Sensory-motor innervation of ciliary bands has also been found in the embryos of the pond snail, Helisoma trivolvis. Here sensory cells directly innervate the ciliated cells of the embryo and accelerate ciliary beating via the release of serotonin upon hypoxic stimulation in the egg capsule [46] .
Similar to peptidergic sensory-motor cells, serotonergic neurons with sensory morphology also innervate ciliary bands in a wide range of ciliated larvae, both protostome and deuterostome [47] . Serotonin seems to play a general role in the upregulation of ciliary beat frequency (in mollusc [48] , echinoderm [49, 50] and annelid (G. Jékely unpublished) larvae), and the control of cilia by a sensory-motor serotonergic system may trace back to the common ancestor of protostomes and deuterostomes. Serotonin was also described in neurons of cnidarian planula larvae, but there is no evidence that it is involved in ciliary locomotion control [51] .
The sensory-motor nervous systems of ciliated larvae can be compared with the imaginary vehicles proposed by Valentino Braitenberg [52] . These vehicles have two motors (wheels) and any number of sensors that directly regulate the speed and direction of the motors (sensorymotor neurons). The vehicles can perform remarkably complex and dynamic behaviours with only a small number of sensors (simulated vehicles can be found at http://people.cs.uchicago.edu/~wiseman/vehicles/).
In many marine invertebrate larvae, locomotion is not based on wheels but on cilia, and does not happen in two dimensions, but follows a spiral trajectory with axial rotation in three dimensions [8, 53] . These ciliary swimming vehicles can turn, speed up or slow down, simply through direct regulation by their sensory-motor neurons.
THE EVOLUTION OF CILIARY BANDS IN PROTOSTOMES
Ciliary locomotion and locomotory control was further optimized during the evolution of spiralians. Spiralians, a sub-group of lophotrochozoans comprising annelids, molluscs, entoprocts, nemerteans, and platyhelminths, have ciliary bands with multiciliated cells [6, 7] . One driving force underlying the evolution of these multiciliated cells could have been the improvement of swimming efficiency. However, from a circuit evolution perspective, the concentration of ciliary motors into a few cells (e.g. two rows of 12 multiciliated cells in the annelid Platynereis; [8] ) allows a very significant saving on wire length, Review. Origin of neural circuits G. Jékely 917 cell number and synapse number. In a larva with monociliated cells, such as a cnidarian planula [54] , a deuterostome tornaria [55] or a phoronid actinotroch larva [56] a sensory-motor neuron must innervate a large number of cells to achieve a sufficiently large motor response (e.g. speeding up the larva). In contrast, in a spiralian larva, a single neuron with a few synapses can generate a strong motor response (figure 3). For example, the axon of the Platynereis larval eye photoreceptors only forms a few en passant synapses on the adjacent multiciliated cell, but can generate a motor response strong enough to steer the whole larva.
It would be very interesting to compare the nervous system of multiciliated and monociliated larvae (e.g. Platynereis and Owenia, an unusual polychaete with monociliated cells [57] ) from this perspective. One prediction is that spiralian larvae will use fewer neurons tuned for the same input, and will probably have more senses and a more elaborate ciliary locomotory control than monociliated larvae, due to decreased costs.
The serotonergic nervous system seems to support this idea. In spiralian larvae the apical organ (a sensory organ specific for the larval stage [58] ) generally contains only a few serotonergic cell bodies (about 2-4 [47] ) that innervate the ciliary band with multiciliated cells [59] . In larvae that use monociliated cells for locomotion (echinoderms, phoronids, hemichordates), there are many more serotonergic cell bodies (e.g. 30 -50 cells in a phoronid larva [59] ) that project axons towards the monociliated ciliary bands [47] .
THE EVOLUTION OF CIRCUITS FOR MUSCLE CONTRACTION
Muscle-based motor systems also evolved very early, and were probably already present in the stem eumetazoan lineage [9] . As argued above, the first function of muscle cells may have been whole body steering and contraction (as in some planula larvae and anthozoans), rather than locomotion. The first muscle cells and the first neurons may even have a common evolutionary origin from a myoepithelial sensory cell, as suggested by Mackie [23] . Such a myoepithelial cell may have evolved from the sponge-type epithelial sensory cell and may have This scenario seems to be slightly at odds with the origin of the first neurons as regulators of ciliary locomotion, but the two can be reconciled by postulating the early separation of the two sensory-motor neuron populations. It is also possible that the earliest neurons regulated both cilia and muscles in a ciliary locomotor and steering circuit (e.g. for phototaxis).
In support of the neuro-myoepithelial cell scenario, direct sensory-motor neurons, innervating muscles, can still be observed in cnidarian nervous systems. They were described in the tentacles of Hydra [60 -63] and the sea anemone Aiptasia [64] . These neurons trigger local muscle contractions. integrate signals over time or from numerous sensory cells [65] . From an evo-devo point of view, such integrated circuits could have evolved when some of the sensory cells migrated deeper in the tissue but kept their contacts with the surface sensory cells and with the musculature (figure 4a). The striking molecular and functional similarities between the sensory endings of neurons (the 'sensory synapse') and postsynaptic sites on neuron-neuron synapses [66] suggest that the postsynaptic sites and the dendrites of these second-order neurons could have evolved from the ciliated endings of their sensory cell precursors.
Neural circuits representing such a stage are present in cnidarians. In the sea anemone Aiptasia, epithelial sensory cells, besides synapsing directly on muscles, also synapse on a ganglion cell that has long-range contacts with the nerve plexus. The long-range contacts of the ganglion cells allow the generation of coordinated movements [64] . Such dual innervation by sensory neurons of a motor organ and a motoneuron represents an important intermediate stage between sensory-motor neurons and more complex circuits.
A further development in nervous system circuitry could have coincided with the evolution of more elaborate musculature, comprising both the circular and the longitudinal muscles of a radially symmetric animal. Since these muscles work antagonistically, their proper regulation by the nervous system requires sign reversing circuits. These circuits may have evolved gradually from a ganglion motor cell that first used two transmittersone inhibitory, one excitatory-and innervated two sets of muscles with different receptors. Following this scenario, once this cell duplicated, the two sister cells could have stayed in synaptic contact. The upstream cell gradually lost the inhibitory transmitter and kept the excitatory one, while the downstream cell kept the inhibitory transmitter. The synaptic targets of the two cells were reorganized in parallel such that the upstream cell lost its contacts to the muscle fibre to be inhibited, and the downstream cell lost its contact to the muscles to be activated by the circuit (figure 4b). A hypothetical network such as this could have functioned normally throughout these evolutionary transitions.
Circuit evolution in some of the crown cnidarians resulted in the development of rapid motor networks that mediate fast muscle contractions during an escape response. In these circuits, motoneurons form a network connected by gap junctions, allowing the spread of currents to large motor areas. These networks are controlled by fast giant axons, such as in the hydrozoan Aglantha [67] , that receive input from mechanosensory cells.
Another possible optimization from a radially symmetric stage with a diffused sensory and motor system is the concentration of some of the sensory cells. Compared with a diffused arrangement this would allow a saving on wire length and increased sensitivity. Sensory cell concentration can be observed in some cnidarians, such as the box jellyfish that have rhopalia with advanced visual eyes and statocysts [68] . It was this type of concentrated sensory cell arrangement that became prominent in bilaterians, coinciding with the origin of a centralized brain.
OUTLOOK
Our knowledge about the early evolution of neural circuits is still fragmentary. In order to compare ancestrally simple circuits and reconstruct their evolution we will have to address the problem from both a celltype evolution perspective [69] and a functional neural circuit perspective [8] . Even though general developmental patterning [70, 71] and maybe even large-scale circuitry [72] can be compared between animals as distantly related as protostomes and deuterostomes, the size and complexity of traditional terrestrial model organism brains make detailed comparisons of circuits difficult. Studies in nematodes may also largely misrepresent early brain evolution, given that these animals have a highly evolved and optimized nervous system. An emerging research direction focuses on comparative studies of neuronal circuitry in diverse marine larvae. Even though the evolutionary origin and ancient versus modern origin of larvae is still debated [73, 74] , our results support the view that the larval eyes and brain of annelids (and probably other spiralian) represent more closely an ancestral stage of brain evolution [8] . Comparing circuits in spiralian larval nervous systems to the circuits of cnidarian larvae and the ciliated larvae of certain marine deuterostomes (e.g. hemichordates) is a promising research strategy with which to begin the reconstruction of the earliest circuits and their subsequent evolution.
